The innate immune system is critical for the early detection of invading pathogens and for initiating cellular host defence countermeasures, which include the production of type I interferon (IFN) [1] [2] [3] . However, little is known about how the innate immune system is galvanized to respond to DNA-based microbes. Here we show that STING (stimulator of interferon genes) is critical for the induction of IFN by non-CpG intracellular DNA species produced by various DNA pathogens after infection 4 . Murine embryonic fibroblasts, as well as antigen presenting cells such as macrophages and dendritic cells (exposed to intracellular B-form DNA, the DNA virus herpes simplex virus 1 (HSV-1) or bacteria Listeria monocytogenes), were found to require STING to initiate effective IFN production. Accordingly, Sting-knockout mice were susceptible to lethal infection after exposure to HSV-1. The importance of STING in facilitating DNA-mediated innate immune responses was further evident because cytotoxic T-cell responses induced by plasmid DNA vaccination were reduced in Sting-deficient animals. In the presence of intracellular DNA, STING relocalized with TANK-binding kinase 1 (TBK1) from the endoplasmic reticulum to perinuclear vesicles containing the exocyst component Sec5 (also known as EXOC2). Collectively, our studies indicate that STING is essential for host defence against DNA pathogens such as HSV-1 and facilitates the adjuvant activity of DNA-based vaccines.
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Nucleic acid species inadvertently generated by microbes after infection are potent inducers of cellular innate immune defences important for protection of the host [1] [2] [3] . Although considerable progress has been made into unravelling how RNA viruses induce type I IFN, required for triggering the production of anti-viral genes, little is known at the molecular level about the induction of IFN by DNA pathogens such as herpes simplex virus I (HSV-1) or by intracellular bacteria or parasites [5] [6] [7] [8] [9] [10] . Toll-like receptor 9 (TLR9) is known to recognize CpG DNA to trigger IFN production in plasmacytoid dendritic cells (pDCs), and Z-DNA binding protein 1 (ZBP1, also known as DAI) was recently shown to be able to stimulate IFN transcription, but was found to be largely redundant in studies using DAI-deficient cells and mice [11] [12] [13] . Recently, a DNA receptor AIM2 was found to be important for ASC (also known as PYCARD)-dependent inflammasome mediated production of IL1b, but was not required for type I IFN production [14] [15] [16] [17] [18] . Thus, other innate signalling pathways that recognize intracellular non-CpG DNA species must exist to facilitate type I IFN production.
We previously demonstrated for the first time a role for STING (also referred to as TMEM173, MPYS and MITA), an endoplasmic reticulum (ER) resident transmembrane protein, in facilitating the production of type I IFN 4, 19, 20 . To evaluate the importance of STING in mediating DNA-induced innate immune responses, we used wild type (1/1) or Sting 2/2 low passage number mouse embryonic fibroblasts (MEFs) and compared the induction of type I IFN (IFNb) in response to a variety of DNA ligands. Our results indicated that STING was essential for inducing IFNb in response to transfected viral DNA (adenovirus, Ad5; herpes simplex virus, HSV-1 and -2), purified Escherichia coli DNA, calf thymus (CT) DNA, and interferon stimulatory DNA (ISD; double-stranded 45-base-pair oligonucleotides lacking CpG sequences) (Fig. 1a) . Complete abrogation of IFNb production was also observed after transfection of synthetic doublestranded DNA (poly(dG-dC).poly(dC-dG), hereafter referred to as poly(dGC:dGC)) in Sting 2/2 MEFs, and slight IFNb production was observed using poly(dAT:dAT), probably due to STING-independent, RIG-I (also known as DDX58)-dependent signalling 21, 22 . The loss of STING did not significantly affect poly(I:C)-mediated type I IFN production, which is largely governed by MDA5 (ref. 5 ). Concomitant analysis further indicated a marked reduction in IL6 production in Sting 2/2 MEFs compared to controls after similar DNA transfections (Fig. 1a) . ISD-mediated production of Ifnb and Ifn2a messenger RNA was not detectable in Sting 2/2 MEFs compared to controls (Fig. 1b) . Translocation of IRF3 or IRF7 was thus not observed in ISDtransfected Sting 2/2 MEFs, indicating that STING probably functions in mediating intracellular-DNA-triggered IFN production upstream of TBK1 ( Fig. 1c and Supplementary Fig. 1 ). NF-kB signalling was also defective in Sting 2/2 MEFs after exposure to transfected ISD (Supplementary Fig. 1 ). Given this, we next examined the importance of STING in facilitating intracellular-DNA-mediated production of type I IFN in antigen presenting cells. This analysis indicated that Sting 2/2 macrophages transfected with ISD, or infected with the DNA pathogens HSV-1 or Listeria monocytogenes, were greatly defective in their ability to manufacture type I IFN (Fig. 1d) . However, the cleavage of pro-caspase 1 and production of active IL1b, which is AIM2-dependent, was unaffected by the loss of STING ( Fig. 1e and Supplementary Fig. 1 ). Thus, STING functions independently of the AIM2 'inflammasome' pathway. Further analysis also indicated that STING was required for efficient DNA-mediated production of type I IFN in granulocyte-macrophage dendritic cells (GM-DCs), as well as pDCs (FLT3-ligand-induced dendritic cells, FLT3-DCs) (Fig. 1f, g ). However, exogenous CpG DNA remained able to induce type I IFN in Sting 2/2 FLT3-DCs compared to controls, indicating that TLR9 functions independently of the STING pathway (Fig. 1g) . The induction of IL6 in response to intracellular DNA was also reduced in Sting 2/2 macrophages ( Supplementary Fig. 1 ). However, HSV-1 and CpG DNA remained able to induce IL6 in Sting 2/2 macrophages, probably through TLR9-dependent signalling ( Supplementary Fig. 1 ) 11 . Furthermore, we noted that STING seemed to be essential for the production of type I IFN by cytomegalovirus (CMV), vaccinia virus (VVDE3L) and baculovirus ( Supplementary Fig. 1 ). STING therefore seems critical for intracellular-DNA-mediated production of type I IFN in fibroblasts, macrophages, conventional dendritic cells as well as pDCs.
We next evaluated the in vivo importance of STING in facilitating effective host defence against select virus infection. Principally,
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2/2 or control mice were infected intravenously (i.v.) with HSV-1 and survival was monitored. The Sting-knockout mice died within 7 days of HSV-1 infection (Fig. 2a) , whereas 80% of similarly infected wild-type mice survived. Significant amounts of HSV-1 were detected in the brain of infected Sting 2/2 mice, but not in controls at 5 days after infection (Fig. 2b) . Analysis of serum from the Sting 2/2 -infected animals indicated a profound defect in the production of type I IFN at 6 h after infection, compared to infected control animals ( Fig. 2c, d and Supplementary Fig. 2 ). RANTES and IL6 levels were similarly markedly reduced in Sting 2/2 mice at the same time point (Fig. 2e, f) . Moreover, Sting 2/2 mice were found to be more sensitive to HSV-1 after intravaginal administration of HSV-1 (Supplementary Fig. 2 ). This data indicates that STING is necessary, in vivo, for the effective production of type I IFN and is essential for efficient protection against HSV-1 infection.
Because we had previously seen, in vitro, a defect in the ability of the negative-stranded virus vesicular stomatitis virus (VSV) to induce type I IFN in the absence of STING, we next examined the in vivo importance of STING in protecting against VSV-related disease 4 . We observed that Sting 2/2 animals infected with VSV was also significantly sensitive to lethal infection compared to controls (Fig. 2g) . Defects in type I IFN production were seen in Sting-knockout mice at early time points (6 h), although less so at 24 h (Fig. 2h, i and Supplementary Fig. 2 ). Thus, STING is necessary for efficient, early induction of type I IFN production and is required for protection against infection with the negative-stranded virus VSV, possibly by regulating the RIG-I and IPS-1 (also known as MAVS, VISA and CARDIF) pathway 4 . However, it is known that some flaviviruses such as hepatitis C virus (HCV) can activate the RIG-I pathway, signalling which seems to be influenced by STING 4, 23 . In this regard, databank analysis indicated that the flaviviruses yellow fever virus (YFV) and Dengue virus encode a product NS4B that exhibits strong homology with the amino terminus of STING (amino acids 125-222) ( Supplementary Fig. 3 ). This region was found to be critical for STING function (Supplementary Fig. 3 ). Various flaviviral NS4B products have been shown to localize to the ER of the cell and to suppress the induction of type I IFN, although the mechanisms remain unclear 24 . Our analysis here indicates that that NS4B was able to inhibit STING activity, probably by direct association (Fig. 2j-l and Supplementary Fig. 3 ). Thus, STING may be targeted by certain viruses for suppression.
TBK1 has been shown to have an important role in mediating the adjuvant activity of DNA vaccines in vivo 12 . TBK1 activation in response to plasmid DNA was found to occur in the absence of the DNA sensors TLR9 or DAI, indicating that other pathways exist to facilitate DNA-mediated immunization 12, 25 . To evaluate whether STING was involved in this signalling pathway, Sting 2/2 or control mice were immunized with plasmid DNA encoding the ovalbumin gene. Although we noted normal B-and T-cell subsets in unstimulated Sting 2/2 animals, after immunization Sting 2/2 mice showed significantly less serum ovalbumin (OVA)-specific IgG compared to controls ( Fig. 3a and Supplementary Fig. 4) . Furthermore, spleen CD8 1 T-cell frequency and IFNc secretion was markedly reduced in Sting 2/2 mice after immunization, compared to wild-type mice (Fig. 3b, c) . Because immunoglobulin responses to OVA peptide were normal, these data emphasize that the STING-governed DNA sensor pathway is essential for efficient DNA-vaccine-induced T-cell responses to antigen (Fig. 3 and Supplementary Fig. 4 ). Similar studies also indicated that STING had a key role in facilitating T-cell responses to the DNA virus vaccinia expressing ovalbumin (VV-OVA). Our data emphasizes the importance of STING in innate immune signalling processes required for DNA adjuvant activity (Fig. 3d) .
We previously demonstrated that STING is an ER resident protein and member of the TRAP (translocon associated protein) complex that can associate with RIG-I and the mitochondrial innate immune signalling adaptor IPS-1 (refs 4, 26) . Physical association of mitochondria and the ER, referred to as mitochondria-associated ER membrane (MAM), is important for transmission of Ca 21 to the mitochondria and for oxidative metabolism 27 . We thus examined whether STING could associate with MAMs. First, we reconstituted haemagglutinin (HA)-tagged STING into Sting 2/2 MEFs to follow endogenous STING localization using a haemagglutinin antibody. This analysis confirmed that STING is predominantly associated with the ER as determined by calreticulin marker co-staining (Fig. 4a) . Mitotracker co-staining also indicated that STING may co-localize with mitochondria associated with the ER (Fig. 1b) . The association of endogenous STING with the ER was also confirmed using anti-STING serum ( Supplementary  Fig. 5 ). Fractionation analysis subsequently demonstrated that STING is associated with microsomes, a complex of continuous membranes that comprise the ER, Golgi and transport vesicles (Fig. 4c) . Endogenous STING was found to fractionate with MAMs and mitochondria fractions under non-stimulated conditions in MEFs (Fig. 4c) . Calreticulin, known to be a chaperone involved in regulating the association of the ER and mitochondria, was observed to fractionate similarly 27 . This data may indicate that STING could associate with IPS-1 by MAM interaction 4 . Interestingly, after HSV-1 infection, STING was shown to become predominantly associated only with microsome fractions (Fig. 4c) . To clarify these observations, we infected STING-HA MEFs with HSV-1, or transfected these cells with stimulatory ISD or negative-control single-stranded DNA (ssDNA). These results indicated that in response to HSV-1 infection or ISD transfection, STING translocated from the ER and predominantly congregated to perinuclear, non-ER microsome compartments in the cell (Fig. 4d and Supplementary Figs 5 and 6 ). Brefeldin A, but not chloroquine, blocked STING trafficking, indicating that STING locates from the ER via the Golgi to vesicles in the perinuclear region ( Supplementary Fig. 5 ). This trafficking, in response to intracellular DNA, was similarly observed for TBK1, which we have previously shown to associate with STING 4 (Fig. 4e) . Notably, in the absence of STING, TBK1 failed to relocate to perinuclear regions in response to ISD transfection (Supplementary Fig. 7) .
We further observed that in the presence of DNA, STING mostly localized with the early endosome marker protein EEA1 and recycling ) (n 5 7; approximately 8-weeks-of-age) were infected with HSV-1 (1 3 10 7 i.v.) and survival was monitored. b, Sting 2/2 or control mice were infected with HSV-1 as in a and brains were retrieved after 5 days for HSV-1 plaque assays. p.f.u., plaque-forming units. c, d, Serum from animals (n 5 3) infected with HSV-1 (1 3 10 7 i.v.) was analysed for IFNb (c) or IFNa (d) production after 6 h. e, f, Serum from animals infected as in c was analysed for RANTES (e) and IL6 (f) production. g, Sting 2/2 or control mice (n 5 6) were infected with VSV (5 3 10 7 i.v.) and survival was monitored. h, i, Mice (n 5 3) were treated as in g and IFNb (h) or IFNa (i) was measured after 6 h. j, Increasing amounts of YFV NS4B were co-transfected into 293T cells with human STING or the amino terminus of RIG-I (DRIG-I, residues 1-284) and transfected IFNb promoter-driven luciferase (IFNb-Luc) was measured after 36 h. k, Immortalized MEFs were transfected with YFV NS4B for 24 h, infected with VSVDM 4 (m.o.i. 1) for 16 h, and IFNb was measured. l, 293 cells were transfected with NS4B-HA for 36 h and after immunoprecipitation (IP) with anti-haemagglutinin antibody, were analysed by western blot (WB) using anti-STING serum. *P , 0.05, Student's t-test. Error bars indicate s.d. endosome marker transferrin receptor (TFR; Fig. 4f and Supplementary Fig. 6 ). TBK1 has also been demonstrated to associate with Sec5, a component of the excocyst 8 subunit complex that facilitates vesicular transport processes 28 . After intracellular DNA stimulation, STING was found to strongly colocalize with Sec5, which has also been demonstrated to associate in perinuclear endosome compartments (Fig. 4g) 
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. The RALB and Sec5 pathway has been previously shown to be required for efficient Sendai-virus-mediated type I IFN production 28 . However, our data here indicates that STING and TBK1 complexes may traffic to endosome compartments to associate with Sec5/exocyst components and facilitate the production of type I IFN in response to intracellular DNA. To evaluate whether Sec5 also modulates the production of IFNb in response to ISD, we suppressed Sec5 production in normal MEFs using RNA interference (RNAi). This study indicated that in the absence of Sec5, ISD-mediated IFN production was significantly impaired (Fig. 4h, i) . A similar effect was observed after knockdown of Trapb (also known as Ssr2) and Sec61b, components of the TRAP complex (Fig. 4h, i and Supplementary Fig. 8 ). Our data thus indicates that intracellular DNA may induce STING to complex with TBK1 and traffic to Sec5-containing endosome compartments-events that facilitate the production of type I IFN.
In conclusion, we demonstrate that STING is essential for the recognition of intracellular DNA and efficient production of type I IFN in all cell types examined. Loss of STING renders mice susceptible to lethal DNA virus infection (HSV-1). However STING also facilitates host defence responses to negative-stranded viruses such as VSV, plausibly through RIG-I and IPS-1-MAM translocon interactions. Although STING-independent, VSV-mediated type I IFNinduction pathways clearly exist, they do not seem to be sufficient on their own to protect mice against lethal VSV infection. We conclude that in response to intracellular DNA, STING and TBK1 complexes traffic to endosomal compartments to associate with exocyst components including Sec5, resulting in the induction of type I IFN.
METHODS SUMMARY
Details of mice, cells, viruses, plasmids, antibodies and reagents are given in the Methods. ELISA kits were obtained from following sources: murine IFNb and IFNa (PBL), murine IL6 (R&D systems or Quansys Biosciences), murine IL1b and IFNc (R&D systems), active NF-kB p65 (Active Motif) murine RANTES (Quansys Biosciences). DNA vaccine. Mice were immunized with a plasmid encoding OVA by intramuscular (i.m.) electroporation (100 mg per mouse). The booster immunization was given within 4 weeks of the primary immunization. Measurement of OVA-specific immune response. Spleen cells were extracted 2 weeks after the second immunization and stimulated with synthetic peptide for OVA (H-2Kb SIINFEKL, Proimmune) at 10 mg ml 21 . After 3 days, the cell culture supernatants were collected and analysed for the IFNc titre by ELISA (R&D systems). For intracellular IFNc staining, stimulated splenocytes were stained using FITC-labelled anti-CD8 antibody (BD). The serum anti-OVA antibody titre was measured by ELISA. Further details are given in the Methods. Confocal microscopy. For localization of Sec5 and LAMP1, cells grown on coverslips were fixed in 80%/20% methanol/acetone at 220 uC for 5 min. For EEA1 staining, cells were fixed with 4% paraformaldehyde in PBS for 15 min at 37 uC, and were permeabilized in 0.2% Triton X-100. For staining of other proteins, cells were fixed with 4% formaldehyde in DMEM for 15 min at 37 uC, and were permeabilized in 0.2% Triton X-100. For mitochondria staining, living cells were incubated with 300 nM of Mito Tracker Red (Invitrogen) for 45 min at 37 uC. RNA interference. Chemically synthesized 21-nucleotide short interfering RNA (siRNA) duplexes were obtained from Dharmacon, Inc. The sequences of each siRNA oligonucleotide used in this study are given in the Methods. MEFs were transfected using an Amaxa nucleofector apparatus (program A-023) and Amaxa MEF nucleofector kit 1 according to the manufacturer's instructions.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
